Light-emission of the perfused lung is induced by t-butyl hydroperoxide, giving chemiluminescence yields that oscillate between 800 and 1500 counts/s depending on the site and position of the lung. The response of the perfused lung to infusion with different hydroperoxides gives a pattern similar to that observed with the liver microsomal fraction: ethyl hydroperoxide shows a much higher chemiluminescence yield than the tertiary (t-butyl and cumene) hydroperoxides. Alveolar oedema affected the light-emission of the perfused lung depending on the time at which oedema developed, decreasing light-emission on infusion of hydroperoxide in the oedematous lung and increasing it when oedema appeared after the maximal chemiluminescence yield was already achieved. Paraquat, administered in vivo or in vitro, augmented light-emission by approximately 2-fold. The effect of paraquat was a time-dependent process. Lung chemiluminescence, compared with liver chemiluminescence, needed higher hydroperoxide concentration to induce light-emission.
There is agreement that lipid peroxidation involves oxidative radical chain reactions that could lead to the disruption of biological membranes. Photoemission of biological systems related to oxygen-dependent chain reactions involving lipids has been termed low-level chemiluminescence, unlike the photoemission from the luciferin-luciferase system (Seliger, 1975) .
Chemiluminescence from mammalian organs was first reported by Tarusov et al. (1961, 1962) , who detected a weak light-emission from the mouse liver in situ. Thereafter, there have been sporadic reports on chemiluminescence, such as those of Howes & Steele (1971 , 1972 and Stauff & Ostrowski (1967) on isolated microsomal fraction and mitochondria respectively. More recently, Boveris et al. (1978 Boveris et al. ( , 1980 reported light-emission from both liver in situ and isolated perfused liver, and pointed out the importance of organ chemiluminescence as a readily detectable, useful and continuous assay of oxidative metabolism.
The advantage of chemiluminescence reactions, over the thiobarbituric acid assay, as giving useful information on peroxidative breakdown of phospholipids, was reported by several authors in microsomal fractions (Howes & Steele, 1971 , 1972 Noguchi & Nakano, 1974) , mitochondria (Vladimirov et al., 1969; Suslova et al., 1969) and tissue homogenates (Di Luzio & Stege, 1977) . The chemiluminescences detected were accompanied by Vol. 192 the accumulation of products of lipid peroxidation such as malonaldehyde.
In the present paper we report the characteristics of hydroperoxide-induced chemiluminescence of the perfused lung and its enhancement by paraquat. Paraquat was selected since this agent is actively accumulated by the lung, and pulmonary damage is the usual cause of death from paraquat poisoning (Copland et al., 1974) . One suspected mechanism of paraquat toxicity is the generation of oxidizing free-radical species and lipid peroxidation; Bus et al. (1974 Bus et al. ( , 1977 (Bassett & Fisher, 1978a,b; Fisher et al., 1980) . To clear lungs of blood, they were perfused by a hydrostatic pressure gradient from a reservoir at a rate of approx. 10ml/min via a cannula inserted through the right ventricle into the pulmonary artery. The perfusate flowed freely from the transected left atrium. When the lungs appeared white (3-5min), they were transferred into the perfusion apparatus and ventilation was continued as described above. Boveris et al. (1978 Boveris et al. ( , 1980 ). An RCA 8850 photomultiplier responsive in the range 300-650nm with an applied potential of 1.8kV was fed into a Princeton Applied Research (Princeton, NJ, U.S.A.) model 1121 amplifierdiscriminator adjusted for single photon counting and connected to both a frequency counter (Heathkit IB-1100; Heath Co., Benton Harbor, NH, U.S.A) and a recorder. Collection of light from the organ was established by using a Lucite rod [poly(methyl methacrylate)] (22 cm long x 5 cm diam., and 19.6 cm2 surface) as optical coupler. The perfused lung was placed in a special light-tight box as close as possible to the end of the light-guide. Since the light-guide was of greater diameter than the lungs, the chemiluminescence detected varied with lung size and the position of the lung in front of the light-guide; we attempted to maintain these variables nearly constant. Chemiluminescence measurements were expressed in arbitrary units, counts/s, with 1 count/s corresponding to about 103 photons/s (Boveris et al., 1980) . signal commenced 1 min after starting the infusion of the hydroperoxide and increased rapidly, reaching a constant value in approx. 4 min. The light-emission was a function of the rate of t-butyl hydroperoxide infusion (Fig. ib) (Fig. 2) . When infused in similar concentrations, ethyl hydroperoxide gave a 4-fold higher chemiluminescence yield than the two tertiary hydroperoxides. The time required to obtain maximal chemiluminescence yield was approximately the same for all three hydroperoxides. The greater response of the perfused lung to ethyl hydroperoxidase infusion suggests that this hydroperoxide is a better substrate for lung cells.
Effect of alveolar oedema on chemiluminescence of the perfused lung Ventilation pressure during control periods of lung perfusion was approx. 5-7 cmH2O at end-inspiration. Lungs occasionally became oedematous during perfusion. With spontaneous development of alveolar oedema, ventilation pressure increased rapidly and pressures at end-inspiration exceeded 20cmH2O (Fig. 3c) . The presence of pulmonary oedema exerted different effects on chemiluminescence of the perfused lung depending on the time during perfusion at which pulmonary oedema developed: oedema that developed before the start of the infusion of t-butyl hydroperoxide markedly lowered the chemiluminescence yield (Fig. 3b) , whereas oedema that developed when the maximal lightemission value was already obtained promoted an increase in chemiluminescence (Fig. 3c) .
Possible reasons for the lower chemiluminescence yield under the conditions in Fig. 3(b) are impairment of the pulmonary cells, affecting the metabolism of the hydroperoxide, or altered distribution of the hydroperoxide in the lung circulation. On the other hand, the enhancement of light-emission in parallel to the appearance of oedema shown in Fig.  3(c) could be promoted by optical causes, i.e. an increase in the transparency of the organ under such conditions. The development of oedema in isolated lungs may have been in part due to absence of protein from the pulmonary perfusate; the incidence of oedema did not appear causally related to the infusion of hydroperoxide or paraquat.
Paraquat and lung chemiluminescence
The effect of paraquat on the chemiluminescence of the perfused lung was investigated with two different approaches. In the first approach, paraquat was administered to the animal at the intraperitoneal dose of 50mg/kg body wt.; about 2 h later chemiluminescence in the perfused lung was measured. Lungs from the paraquat-injected rat showed 2-fold higher hydroperoxide-induced chemiluminescence yield than the control (Fig. 4) . Light-emission after withdrawal of the hydro- Rats were injected with paraquat (60 mg/kg body wt.) and the lung was removed 2 h later for assay of chemiluminescence. Experimental conditions were as described for Fig. l(a) and in the Materials and methods section.
1980 peroxide appeared to decrease more rapidly in the lung of the paraquat-injected rat compared with the control. In the second approach, paraquat was infused into the perfused lung through the cannula situated in the inflow line to the pulmonary artery, to give a concentration in the pulmonary perfusate of either 0.3 or 3.0mM. Lungs were infused with the bipyridyl for either 15 or 30 min before the infusion of the t-butyl hydroperoxide. The infusion with paraquat was carried out in the dark. This method allowed us to record the dark-current base-line of the perfused lung while infusing paraquat and thus investigate if paraquat itself increased the spontaneous lightemission of the organ.
No changes were found in the base-line or the hydroperoxide-induced chemiluminescence when paraquat in the pulmonary perfusate was at a concentration of 0.3 mm (results not shown). This Vol. 192 result agrees with the lack of effect on the production rate of lactate plus pyruvate by-isolated perfused lung reported by Bassett & Fisher (1978b) , at this paraquat concentration. With 3 mM-paraquat (a concentration that does produce metabolic changes in the perfused lung) there was no increase in the base-line chemiluminescence, but on infusion of the hydroperoxide there was a markedly enhanced chemiluminescence when compared with the control (Fig. 5) . The enhancing effect of paraquat was time-dependent: the 30min perfusion period gave higher chemiluminescence yield than did 15 min perfusion. The effect of paraquat, at the higher dose we have used, seems to be time-dependent rather than concentration-dependent, probably because lung actively accumulates the bipyridyl.
We observed that the hydroperoxide-enhanced chemiluminescence of the perfused lung was reduced by about 30% [controls (n = 5), 720± 38 counts/s; ascorbic acid-treated (n = 5), 500 + 25 counts/s; P<0.01; values are means+S.E.M.] in rats pretreated with a dose of ascorbic acid (2.5 mg/kg body wt.), here suggested in an antioxidant activity, to modify chemiluminescence. Of course, this observation needs further study regarding the doseresponse relationship of lung chemiluminescence and ascorbic acid, since this substance is well known by its dual effect as pro-and anti-oxidant, depending on its concentration (Willis & Kratzing, 1975) . Ascorbic acid may function as an intracellular free-radical scavenger (Nishikimi, 1975) , which may account for its inhibition of the hydroperoxide-induced chemiluminescence.
Discussion
Since chemiluminescence integrates oxidative radical reactions that are related to lipid and organic peroxide formation, it can be used as an indirect assay to assess the involvement of increased lipid peroxidation in physiological and pathological situations. The possible involvement of the lung in these reactions is of interest, since the lung is a major target organ for damage from oxidizing agents such as 029 03, NO2 and paraquat (Mustafa & Tierney, 1978) . The isolated perfused lung model was utilized for this study; the viability of this preparation, for at least 1-2 h perfusion, has been demonstrated in previous studies by linear rates of glucose utilization, maintenance of high energy charge, appropriate responses to inhibitors and uncouplers of oxidative phosphorylation, constant physiological parameters for ventilation and perfusion, and normal ultrastructure (Bassett & Fisher, 1976a ,b, 1978b Fisher et al., 1980) . The present results show that chemiluminescence is induced in the lung during infusion of hydroperoxides and can be measured at the lung surface. It is evident that differences exist 308 E. Cadenas and others between the metabolic role of endogenously generated and externally added hydroperoxide; however, the present system may qualify as model lipid hydroperoxides in metabolic studies, as demonstrated by Sies & Summer (1975) .
Hydroperoxide-induced chemiluminescence of the perfused liver (Boveris et al., 1978 (Boveris et al., , 1980 and lung (the present paper), under the same experimental conditions, shows several interesting differences. The concentration of hydroperoxide to produce halfmaximal chemiluminescence yields was much higher in the lung, indicating a lower efficiency for metabolism of organic hydroperoxides. On the other hand, chemiluminescence yields with various hydroperoxides were different in lung and liver: lung showed maximal effect on infusion of ethyl hydroperoxide, resembling the pattern obtained with microsomal fractions of rat liver (Boveris et al., 1978) and submitochondrial particles (Cadenas et al., 1980a) , whereas the liver showed greater effect with cumene hydroperoxide (Boveris et al., 1980) , as observed with rat liver mitochondria (Boveris et al., 1978) and the model system cytochrome c/hydroperoxide (Cadenas et al., 1980b) . This could point to a major participation of the microsomal fraction in the light-emission by the lung, though further experimental evidence with pulmonary subcellular fractions will be necessary to corroborate this conclusion.
It is worth noting that we failed to detect an increase of spontaneous chemiluminescence in the lung of the paraquat-injected rat as well as in the paraquat-perfused lung. This (Montfoort et al., 1971) . But it remains that light-emission arising from an initial reaction between the lung and hydroperoxide was substantially augmented in the presence of paraquat. One possible mechanism is the intracellular reduction of the viologen, actively accumulated by the lung in very short times (Rose et al., 1974) , followed by reoxidation with concomitant production of 02- (Farrington et al., 1973) ; a higher steady-state concentration of 02-might react with the infused hydroperoxide (Peters & Foote, 1976) , yielding chemiluminescent singlet molecular oxygen. The increased chemiluminescence found with the administration of paraquat in vivo was confirmed by the perfusion in vitro, indicating that the effect of the viologen was upon the lung tissue itself. The degree 6f paraquat-induced chemiluminescence in the presence of hydroperoxide was a function of the duration of perfusion, consistent with previous reports indicating that uptake of the bipyridyl by lung slices is a timeand energy-dependent process (Rose & Smith, 1977) . The results suggest that the mechanism for the toxic effect of the viologen on the lung is due in part to free-radical generation, possibly involving singlet oxygen (Bus et al., 1974) .
The present preliminary report on lung chemiluminescence cannot identify the nature of the light-emission; although formation of chemiluminescent singlet oxygen through a self-reaction of t-butyl peroxy radicals (Pryor, 1978) might account partially for the light-emission observed, other chemilurhinescence reactions, such as the ones comprising a dioxetane mechanism (Hasting & Wilson, 1976; , cannot be excluded. In order to resolve this, a spectral analysis of the light-emission observed from the organ will be necessary; this will require a more sensitive photomultiplier with a better response beyond 600nm.
With regard to the metabolic source of the light-emission, we are able to say that the t-butyl hydroperoxide-induced chemiluminescence involves hydroperoxide-metabolizing systems other than catalase, since the latter enzyme does not react with tertiary hydroperoxides (Sies & Summer, 1975) .
